INTRODUCTION
Molecular biology methods for the analysis of microbial communities in environmental samples require efficient and reproducible methods for the extraction of DNA. There are now many different DNA extraction kits and procedures that have been developed commercially, and many laboratories have adapted their own modifications to lower the costs of these procedures. All of these methods may vary in efficiency depending on the physical and chemical matrix of the sample. As a consequence, subsequent analyses of microbial community structure or quantification of specific genes can be biased by initial differences in DNA yields. Currently, there are no standardized methods that are recommended for normalization of DNA profiles and gene copy number data that arise from different DNA extraction efficiencies. In the research reported here, we evaluated the use of an internal standard that is incorporated into the sample prior to DNA extraction as a method for normalization of data that are used in comparing different samples by PCR-denaturing gradient gel electrophoresis (PCR-DGGE) of the 16S ribosomal RNA (rRNA) gene and by real-time PCR.
One of the most frequently used techniques in environmental microbiology is PCR-DGGE of 16S rRNA, which shows the species profiles of environmental samples by differentiating PCR-amplified 16S rRNA gene segments. The position and intensity of DNA bands are analyzed by image analysis, and the resulting data are used to compare the overall similarities between different samples. If the DNA extraction yields vary, due to the sample matrix or variations in sample processing, the band intensity data may be unreliable for use in determining differences in microbial community structures. Use of an internal standard should circumvent this problem by providing a reference DNA band that can be used to standardize staining intensity between different lanes within a gel or between different DGGE gels.
Other types of analyses that are typically conducted on environmental samples require the quantification of gene copy numbers for specific target genes. A variety of methods have been developed for this purpose including quantitative comparative PCR and real-time PCR. Real-time PCR so far has been used mainly in the biomedical field (1-3), but is increasingly being used for analysis of environmental samples (4) (5) (6) (7) . In cell samples that are prepared in the laboratory, sample preparation for real-time PCR can be normalized by calculating the quantity of housekeeping genes, such as aldolase A, histone, β-actin, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and 18S rRNA (8, 9) . However, environmental samples do not contain any preexisting internal standard that can be used to normalize differences in gene copy number that are caused by differences in DNA extraction efficiency. When DNA is extracted from environmental samples such as soil or sludge, DNA yields are frequently reported to vary slightly, or sometimes significantly, even though the extraction procedures are highly standardized (10, 11) . Furthermore, variations in DNA yield can result from subsequent purification steps that are required to obtain PCR-quality DNA. If these procedures result in differential loss of DNA from samples having different physical and chemical characteristics (e.g., organic matter content), this variation must be taken into account in order to obtain accurate and reproducible results.
With the quantitative comparative PCR method, there has been an effort to overcome problems with normalization of DNA extraction efficiency by adding competitor DNA directly to the samples prior to extraction and co-extracting both the target and competitor DNA (12) or by adding target-like noncompetitive sequences as internal standards (13) . Another method has been to normalize DNA extraction yield by co-extraction of soil DNA with an internal standard provided as bacterial cells, which harbor chromosomally integrated noncomparative internal standard DNA (7) . In every case, it has been necessary to construct and characterize the internal standard to mimic the size and melting characteristics of the target DNA sequence.
In this research, we developed an easy and inexpensive way to normalize soil DNA extraction yields by adding a defined amount of Escherichia coli JM109 cells harboring the pEGFP-N1 plasmid. The unit amount of E. coli SHORT TECHNICAL REPORTS JM109 chromosomal DNA was used as an internal standard for microbial community analysis by PCR-DGGE of 16S rRNA gene, and the plasmid DNA provided an internal standard for quantification of the 16S rRNA gene copy numbers by SYBR ® Green real-time PCR. Our results show that these methods were very effective for normalization of the resulting data based on differences in DNA extraction efficiencies. As soil represents one of the most difficult matrices for DNA extraction, these methods should have broad application for normalization of DNA quantities in any environmental sample.
MATERIALS AND METHODS

Soil Samples
Soil samples were collected from Port Hueneme, CA, Department of Defense National Test Site and from March Air Force Base site #34, Riverside, CA. The soil samples from Port Hueneme had a pH of 7.11 and an organic matter content of 3.76% and contained 77% sand, 5% silt, and 18% clay (sandy loam). The soils from the March Air Force Base had a pH of 7.17 and an organic matter content of 4.79% and were composed of 49% sand, 8% silt, and 43% clay (sandy clay).
DNA Extraction Procedures
DNA extractions were performed using four methods using an UltraClean™ Soil DNA kit (Mo Bio Laboratories, Carlsbad, CA, USA), a SoilMaster™ DNA Extraction kit (EPICENTRE, Madison, WI, USA), a Fast Spin kit (Qbiogene, Irvine, CA, USA), and a modified method with the Fast Spin kit. The unit amount of E. coli JM109 that harbor pEGFP-N1 vectors was added to each soil sample just prior to DNA extraction. The protocols involving the commercial kits were performed according to the manufacturer's instructions. The modified method for the Fast Spin kit was as follows: 0.5 g soil samples was mixed with 845 µL 200 mM sodium phosphate buffer (pH 8.0), 105 µL 10% sodium dodecyl sulfate (SDS) solution, and the same volume of 0.1 mm zirconium-silica beads. The extraction mixtures were processed for 30 s, at a speed of 5.5 using a bead beater (Fast Prep; Qbiogene). The resulting extracts were centrifuged for 10 min at 3000× g. Supernatants were transferred to new tubes, to which 250 µL PPS reagents (Qbiogene) were added. The extracts were mixed and centrifuged at 3000× g again for 5 min. Supernatants were transferred to new tubes and were mixed with 1 mL Binding Matrix (Qbiogene) for 3 min by repeated inversion. The mixtures were then allowed to stand for 3 min, after which they were centrifuged at 3000× g and washed with 70% ethanol washing solution, containing 20 mM Tris-HCl (pH 8.0), 2 mM EDTA (pH 8.0), 100 mM NaCl, and 70% absolute ethanol. These samples were recentrifuged at 3000× g for 1 min and air-dried. The DNA was eluted from the beads by addition of 100 µL distilled water, and the resulting DNA extracts were stored at -20°C until further analyses.
Determination of Cell Densities
Stationary phase cells of E. coli JM109 harboring pEGFP-N1 were diluted with Luria-Bertani (LB) broth and measured spectrophotometrically by measurement of optical density at 600 nm wavelength. The same dilution series was spread onto agar plates containing LB medium supplemented with 50 µg/mL kanamycin and were incubated at 38°C overnight to calculate the colony-forming units (cfu) that corresponded to the optical density measurements.
Soil Treatments
Soil samples containing 0.5 g soil were mixed with 150 µL of distilled water and placed into sterilized 1.5-mL tubes. To keep the soils moist during incubation, the sample tubes were placed in plastic Petri plates on top of a Kimwipe ® tissue paper that was moistened with 1 mL distilled water. To produce different bacterial population densities, replicate soil samples were amended with 50 mg labile organic matter provided as pulverized celery roots. The plates were sealed with Parafilm ® , and samples were collected every 24 h over a 10-day period. Triplicate samples collected at each date were immediately frozen and stored at -20°C until the end of the experiment, when all of the samples were extracted to collect the total DNA that was used for subsequent PCR analyses.
Primer Development
The software program Primer Express™ (PerkinElmer, Wellesley, MA, USA) was used to design realtime PCR primers for pGEM-T vector, pEGFP-N1 vector, pIRES-EGFP vector, and phMGFP vector. Six sets of primers were used for this experiment (Table 1) .
PCR-DGGE Analysis
For DGGE analysis, soil DNAs were amplified with 357F-GC and 518R (Table 1 ). All PCRs were performed on an MJ Research PTC-200 Thermal Cycler (Bio-Rad Laboratories, Hercules, CA, USA). The PCR mixtures contained 1 µL each soil DNA sample, 10 mM Tris-HCl (pH 8.3 at 25°C), 2.5 mM MgCl 2 , 0.25 mM deoxynucleotide triphospates, 10 pmol each primer, and 1 U Taq DNA polymerase (Promega, Madison, WI, USA). The total reaction volume was 50 µL. The temperature profile for the PCRs was 5 min at 95°C, followed by 20 cycles of 1 min at 94°C, 1 min at annealing temperatures, 1 min at 72°C, and 10 cycles of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C. A final extension step was carried out for 5 min at 55°C, after which the DNA was stored at 4°C. The annealing temperature was decreased by 0.5°C every cycle from 65°C in the first cycle to 55°C during the final cycle. During the PCR, E. coli JM109 16S rRNA genes, which were used as the DGGE internal standard, were amplified together with other soil bacterial 16S rRNA genes.
PCR-DGGE of 16S rRNA gene was performed using a DCode™ system (Bio-Rad Laboratories). Samples of PCR product (20 µL) were loaded onto 8% polyacrylamide gels in 1× Tris-acetate EDTA (TAE; 4.84 g Tris base, 1.14 mL acetic acid, 2 mL 0.5 M EDTA, in 1 L water, adjusted to pH 8.2) buffer. The polyacrylamide gels were made with a linear denaturing gradient with 40% denaturant at the top of the gel to 60% denaturant at the bottom. The electrophoresis was run for 14 h at 60°C and 60 V. After electrophoresis, the gels were stained with ethidium bromide and photographed on a Gel Doc™ 2000 UV transilluminator (BioRad Laboratories). Image analyses of the DNA profiles and band intensities were conducted using Quantity One ® (version 4.5.0; Bio-Rad Laboratories). Individual intensity values of DGGE bands were normalized by Equation 1.
PCR Assay
To detect pGEM-T easy, pEGFP-N1, pIRES-EGFP, and phMGFP vectors, the same PCR compositions used for PCR-DGGE analysis were applied with each primer set ( Table 1 ). The temperature profile was 5 min at 95°C followed by 35 cycles of 20 s at 94°C, 20 s at 55°C, and 30 s at 72°C. A final extension step was carried out for 5 min at 72°C, after which the DNA was stored at 4°C.
Real-Time PCR Assays
SYBR Green real-time PCR was performed on an iCycler iQ ® Thermal Cycler (Bio-Rad Laboratories) using a QuantiTect™ SYBR Green PCR Kit (Qiagen, Valencia, CA, USA). Amplification was carried out in a total volume of 20 µL containing 10 µL 2× QuantiTect SYBR Green PCR mixture, 5-10 pM each primer, and 1 µL sample DNA. Real-time PCR assays of each DNA sample were performed in two separate reactions; one for the 16S rRNA gene and the other for pEGFP-N1 plasmid. The same temperature profile was applied for the cycling of these reactions: 5 min at 95°C, followed by 50 cycles of 20 s at 94°C, 20 s at 55°C, and 30 s at 72°C. Data analysis was carried out with iCycler software (version 3.0a; Bio-Rad Laboratories).
To quantify the copy number of the pEGFP-N1 vector in each of the soil samples, the pEGFP-N1 vector DNA was serially diluted using a 10× dilution series to generate a standard curve. The gene copy number was calculated according to Equation 2 .
The DNA concentration of pEGFP-N1 vector was 4.76 × 10 -8 g/µL, and the plasmid length was 4733 bp. Therefore, the copy number was 9.17 × 10 9 molecules/µL. The 16S rRNA gene sequences were amplified with 27F and 1492R primers (Table 1) and cloned into the pCR2.1 vector. This vector was serially diluted using a 10× dilution series to generate a 16S rRNA gene standard curve. The same equation was used to calculate the copy number of 16S rRNA gene, which was 4.33 × 10 10 molecules/µL. The linear correlation coefficient for the standard curve was 0.98 or higher.
The primer set that was used for quantification of the total bacterial population size by real-time PCR of the bacterial 16S rRNA gene copy numbers was 338F and 518R (Table 1) . The primer set for real-time PCR of pEGFP-N1 vector DNA, which was used as an internal standard to normalize soil DNA extraction yields was pEGFP-N1 960F and pEGFP-N1 1070R ( Table 1 ). The amounts of internal standard (pEGFP-N1) were used to normalize 16S rRNA gene by Equation 3 .
RESULTS AND DISCUSSION
Differences in the extraction efficiency for various methods that are used to obtain DNA from environmental samples can cause problems in the quantitative analysis of microbial populations and genes in nature. In this research, we examined the feasibility of using an internal standard to normalize data that are generated by analyses of the DNA banding profiles that are produced by PCR-DGGE of 16S rRNA gene sequences and by real-time PCR of this same gene.
The target DNA templates that were selected for use as internal standards were chosen based on the likelihood that these sequences do not commonly occur in terrestrial samples. The four candidates were pGEM-T easy, pEGFP-N1, pIRES-EGFP, and phMGFP vectors ( Table 1) .
All of the primers were tested with their own target vectors as a positive control, and soil DNA was extracted from two different types of soil samples. When each of the primer sets was used to amplify their own target vectors, they yielded DNA bands that were of the correct sizes for the target sequences, whereas all of the primer sets did not yield any DNA bands when soil DNA was used as a template (data not shown). Therefore, all of the target DNA sequences and primer sets that were designed have potential use as internal standards for soil DNA. However, the target DNA sequences of pEGFP-N1, pIRES-EGFP, and phMGFP, which encode green fluorescence protein (GFP) from the jellyfish Aequorea Victoria (14) and Star Coral Montastrea cavernosa are perhaps the least likely to occur in soils. In our tests, PCR primers targeting the genes for these GFPs did not amplify any DNA sequences from the two soils that were screened. However, before any internal standard is used with an environmental sample, it is essential to run appropriate controls using the primer sets that are selected under the PCR conditions that are used for the assay. The primary habitat of E. coli is the lower gastrointestinal tract of mammals, but cells of this bacterium can also occur in the environment, such as in food and water (15) (16) (17) (18) that under some circumstances, the use of E. coli as an internal standard may be confounded by indigenous E. coli. However, in this research, the levels of E. coli were low enough that there was no visible 16S rRNA gene band corresponding to this bacterium in either of the two soils we tested. In soils containing 10 9 cfu/g bacteria, this corresponds to 10 7 cfu of E coli. As a rule of thumb, visible bands representing individual bacterial species are not produced on DGGE gels unless the population densities represent 1% of the total bacterial population. Nonetheless, controls should be run without the internal standard to confirm that bands that could occur in the same position as those representing E. coli cells are not visible in noninoculated samples. The unit amount of E. coli JM109 that harbored the pEGFP-N1 vectors was added to each soil sample just prior to DNA extraction. The soils receiving the internal standard were extracted using four different methods. Based on the cfu result, the amount of E. coli JM109 that was added to the soil as an internal standard was 3.87 × 10 5 cells/ sample. The soil DNA samples were amplified with DNA primers consisting of 357F-GC clamp and 518R (Table  1) . During this PCR, both soil bacterial 16S rRNA gene and E. coli JM109 16S rRNA gene, as an internal standard for DGGE analysis, were amplified at the same time. When E. coli JM109 chromosomal DNA was amplified with the same primers, the position of the DGGE band corresponded to band A (data not shown). As shown in Figure 1 , which is an image of a DGGE gel using E. coli chromosomal 16S rRNA gene as an internal standard, band B and band C in lane 2 showed higher intensities, but the intensity of E. coli chromosomal 16S rRNA band (band A) was also increased. Therefore, the increased intensities of band B and C were not caused by increased population densities of cells represented by these bands, but instead reflect differences in the amount of DNA that was loaded onto the gel (Figure 1) . When the intensities of each band were graphed, this explanation is more obvious. In Figure 2 , graphs of the band intensities show the differences before and after normalization.
Here, cfu data for E. coli JM109 were used to determine the relationship between population densities and copy numbers of the 16S rDNA gene, which was used as an internal standard. It should be noted that use of cfu data will likely underestimate the actual cell number, since this is based on the number of living E. coli cells in the cell culture. More accurate determinations may thus require cell counting by microscopy. However, differences in cfu from one culture to the next do not pose a problem for normalization of differences between samples, since all of the samples are spiked with the same amount of E. coli chromosomal DNA and plasmid DNA that are used as internal standards.
Another factor to consider in estimating actual gene copy numbers is that host cells may contain variable copy numbers of a plasmid; for example, E. coli cells contain an average of 500 copies of the pEGFP-N1 plasmid (www.bdbiosciences.com/clontech/techinfo/vectors/ vectorsE/pEGFP-N1.shtml). If a small amount of E. coli JM109 cells was used for an internal standard, problems could occur because of copy number variation. In our experiment, we added at least 3.87 × 10 5 E. coli JM109 cells/sample based on cfu counting, which should eliminate any differences due to variations in the plasmid copy numbers that are added to individual samples.
When soil DNA is extracted, different soil types can affect not only the DNA extraction yield but also PCR efficiencies. This is, for the most part, because of the presence of PCR inhibitors, such as humic materials (19) . If the purified DNA samples still contain PCR inhibitors, real-time PCR values will be decreased independent of the amount of target DNA. In soils that are relatively similar in composition, PCR inhibitors such as humic acids should similarly affect the PCR efficiency of both the internal standard DNA and other target sequences. In soils that vary widely in their chemical composition, it may be necessary to further evaluate the relative efficiencies in amplification of the internal standard versus the target DNA sequences. Variations of PCR efficiencies due to different amounts of PCR inhibitors do not need to be considered when the same soil samples were used, since these soil samples have equal amounts of PCR inhibitors.
Variations of PCR efficiencies due to different primer sets might be another possible obstacle for normalization. The PCR efficiencies between the target DNA and the internal standard will vary, since their PCRs were performed in separate reactions with different primer sets. Because real-time PCR primers are designed to achieve the highest PCR efficiencies (short target DNA lengths, preventing secondary structures, and so on), their PCR efficiencies are near to 100%, which also means these two primer sets have similar PCR efficiencies. Furthermore, the ratio of PCR efficiencies between these two primer sets (target and internal standard) is constant because the PCR efficiency of each primer set is the same. Therefore there is no problem when two primer sets were used for normalization. There still remains, however, the possible issue of PCR efficiencies when normalized values were compared with other values normalized from other primer sets. In this case, normalized values are not reliable because the ratio between the target and internal standard are different.
Soil DNA was extracted from the same soil samples using four different extraction methods, and the amounts of 16S rRNA gene and internal standard (pEGFP-N1) in each soil sample were measured by using SYBR Green realtime PCR (Figure 3 ). Real-time PCR was performed for three soil samples, three times each to generate a statistically representative data set. With the SoilMaster DNA Extraction kit, Proteinase K and a detergent were used to disrupt soil bacteria. In contrast, DNA extractions using the UltraClean Soil DNA kit, the Fast Spin kit, and a modified method of the Fast Spin kit use a bead-beating method to disrupt soil bacteria. The cell disruption rate of different bacterial species can be affected depending on the disruption procedures that are applied and their effectiveness in breaking open different types of cells (e.g., Gram positive and Gram negative bacteria). Therefore, every method may differentially affect DNA quality as well as quantity. Here, each of the four soil DNA extraction methods resulted in different final yields of DNA. Figure 3 shows that there were considerable differences in 16S rRNA gene copy numbers from the same soil samples, but these variations were largely eliminated through the normalization process. However, there were still slight differences in results obtained using the SoilMaster DNA Extraction kit and the other three kits after normalization, which is likely due to differences in cell disruption procedures. Nonetheless, as long as the same DNA extraction procedures are used for the samples being compared, the normalization methods should eliminate any differences that arise due to normal variations that are related to a particular procedure.
To monitor changes in the total bacterial population density over time, 16S rRNA gene copy numbers were measured using SYBR Green real-time PCR with 338F/518R (Table 1) . Realtime PCR was performed for three soil samples, three times each to generate a statistically representative data set. Monitoring of 16S rRNA gene copy numbers in different samples proved to be a sensitive method for detecting dynamic changes in the population size of bacteria following amendment with a carbon source. As shown in Figure  4 , 16S rRNA gene copy numbers increased approximately 10-fold in soil samples that were amended with plant roots as a growth substrate. When combined with the methods developed here for normalization of total DNA, this may offer a simple method for monitoring the population dynamics of the total bacterial population in soils over time. 
